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ABSTRACT: In order to effectively reduce sulfur gas content from shale
processing to environmentally acceptable levels, H,S, COS, SO2 and

CH3$H plus trace sulfur compounds must be removed. Of these, the trace
sulfur compounds have not been well characterized but should be known to
ppm levels in order to optimize gas clean-up procedures. Most techniques
for analysis of trace sulfur components in oil shale gases have
limitations. The applications we describe using triple quadrupole mass

spectrometric techniques (TQMS) appears to have overcome many problems of

trace sulfur analysis.

Basically a TQMS produces a mass spectrum of a mass spectrum and is,
therefore, highly sensitive, selective and specific. Tests on a Finnigan
TQMS at the University of Florida and on a totally computerized TQMS
&esigned at LLNL using pure standards, mixed gas standards and Fisher
assay gas grab samples show that we can quantitatively as well as

qualitatively detect the following components:



1. methyl mercaptan = <1 ppm 6. carbon disulfide = 4 ppm

2. ethyl mercaptan = 3 ppm 7. dimethyl sulfide = 10 ppm

3. n-propyl mercaptan = <1 ppm 8. dimethyl disulfide = <1 ppm

4. isopropyl mercaptan = 4 ppm 9. thiophene = <1 ppm

5. carbonyl sulfide = 1 ppm 10. 2 or 3 methyl thiophene = <1 ppm

For a rapidly changing gas stream, timing studies on the LLNL TQMS
show that analytical results for 10 sulfur compounds (1000 readings on
each parent and key daughtef ions) can be acquired and quantitatively
Ea]cu]ated in ~ 30 seconds. For kinetics studies, data on selected

daughters for 10 compounds can be acquired in a total of 540 milliseconds.

KEY WORDS: mass spectrometry, thiophenes, thiols, air pollution, pyrite,

oil shale, shale o0il, corrosion reactions, reaction kinetics.

Introduction

The reactions of sulfur in oil shale processing are important for
health and environmental considerations as weli as for processing
conditions. Gaseous sulfur compounds such as HZS’ CSZ. and SO2 are
toxic atmospheric pollutants (1). Hydrogen sulfide (HZS) is classified
toxicologically as a secondary irritant to the mucous membranes. A far
more significant systemic effect occurs from the absorption of the
compound. HZS acts directly on the nervous system, resulting in
paralysis of the respiratory center and the olfactory system. The
irritant action, as well as its influence on ferric hemoglobin, combine

to contribute to death by asphyxiation.
Sulfur dioxide (502) is an irritant which effects the mechanics of

respiration. It increases flow resistance, decreases compliance and

breathing frequency and causes bronchoconstriction.
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Carbon disulfide (CSZ) is a neurotoxicant involving the central
nervous system causing intellectual and behavior abnormalities. It
produces polyneuritis and marked decrease in visual acuity.

NIOSH permissible exposure 1imits for an 8-hour work day for these
compounds have been set at: 10 ppm for HZS with 300 ppm being
Immediately Dangerous to Life or Health (IDLH); 0.5 ppm for SOZ’ with
100 ppm IDLH; and, 1 ppm for CS,, with 500 ppm IDLH (2).

However, since the states have the right to enact more stringent
standards than those set by the Federal government, Colorado has
determined that SO2 must not exceed 0.3 1b./barrel of oil produced and
HZS must not exceed 142 ug/m3 or 0.1 ppm per 1-hour average (3,4).

In addition to the atmospheric problems associated with sulfur
gases, there are equipment degradation processes directly related to the
chemical effects of H,S and other reduced sulfur compounds such as |
mercaptans, thiophenes, COS and sulfides. Thesé gases poison catalysts
and cause corrosion, erosion and embrittlement of equipment leading to
costly repairs and replacement. Tﬁe corrosive effects appear to be
highly temperature dependent having the least effect below 150°C, a
moderate effect at retorting temperatures of 500-540°C and a severe
effect in the combustion area where temperatures'are in excess of 1000°C
(5-8).

Other problems associated with understanding sulfur gases in oil
shale processing are the varfability of the oil shale composition and the
effect of different processing éonditions on ultimate product formation
and_composition. These processes have been studied for HZ’ co, COZ’

CH4 and various hydrocarbons (9). However, attempts to study the
effects of these same parameters of variability of oil shale composition

and processing conditions for sulfur containing compounds have been
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inhibited in the past by lack of speed, selectivity or sensitivity of
analytical methods. In general, the studies need to answer the questions
of type and concentration of trace sulfur compounds in the pyrolysis
gases and whether the origin of the sulfur is organic, i.e., from the oil
of the shale, or inorganic i.e., from pyrite inclusions. Additionally,
we need to characterize the chemical reactions leading to various trace
sulfur species and develop kinetic models from their generation rates.
These experiments have to be done in real time, on-line in a very complex
mixture. For example, in the Mahogany Zone Green River formation shale,
sulfur is found in pyritic form (75 percent), as sulfates (3 percent) and
as organics (24 percent), with a total sulfur content of 0.7 weight
percent (10,11). During retorting, sulfur is released primarily as HZS
with concentrations typically 1 to 15 percent, COS and methyl mercaptan
with concentrations as high as 0.1 percent, and unknown amounts and types
of trace sulfur compounds. Table 1 shows both the sulfur gas forms
resulting from pyrolysis processes and the ease of their removal.
Previous work has shown that gaseous sulfur compounds cannot be reliably
analyzed via grab samples (12). Wall effects (adsorption, desorption)
can be significant for these polar compounds. So, on-line monitoring
where a continual gas flow conditions and equilibrates the walls of the
sampling system to minimize sample loss, is the most reliable sampling
technique. Additionally, by doing on-1ine monitoring, important marker
compounds can be used as internal standards and monitored in real-time to
indicate retort parameters and allow feedback control.

Typically, analysis of trace sulfur compounds in complex mixes has
been accomplished on static liquid or solid samples in the past (13,14).
In this paper we will evaluate triple quadrupole mass spectrometry, TQMS,

(15) as a method for doing on-line trace sulfur analysis in a complex
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pyrolysis gas mix. This technique offer§ new data in the study of the
three main problems associated with oil shale processing: 1) The sulfur
levels must be reduced in present processing schemes by a factor of 100
to meet Colorado emission standards (10); 2) Different gas treatment |
processes remove different sulfur gases to varying extents so it is
necessary to completely characterize sulfur compounds to properly design
a gas clean-up system (16); and, 3) Previous attempts to characterize
these compounds have had limitations. . Therefore, since the effective
removal or utilization of these trace sulfur containing compounds relies
upon their identification and quantification, the chemistry of the
processes or reactions involved in their formation must be understood
(17). This instrument has the speed of analysis time (milliseconds to
seconds), the selectivity (ability to differentiate sulfur containing
compoundé from hydrocarbons in a complex pyrolysis gas mix) and the .
sensitivity (low ppm range) to study the problems of trace sulfur species

in o1l shale pyrolysis gases.

Procedure

Equipment - The instruments employed in this study were an LLNL
designed totally computer controlled triple quadrupole mass spectrometer
described elsewhere (18-20), and a triple quadrupole mass
spectrometer/data system manufactured by Finnigan Corporation, Sunnyvale,
CA. The mass spectrometers were operated under electron impact (70eV)
conditions in the positive ion mode with argon of 99.9 percent purity as

the collision gas in quadrupole region two for the daughter ion scans.

6 torr) and the CAD argon

The source pressure was 3 x 107% pa (2 x 107
gas pressure was 0.1 Pa (0.8 millitorr). Samples were Fisher assay gas

samples introduced via the direct inlet probe vacuum port.
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Daughter Ion Scans - Collisionally activated dissociation (CAD) mass

spectra of the parent ion with the molecular weight of the trace sulfur

compound were obtained by setting quadrupole 1 to transmit the parent ion
of interest. It was then passed through the collision cell (quadrupole 2)
filled with argon, operating in RF only mode (transmitting all ions), and

then by scanning quadrupole 3, all daughter ijons produced in the

collisionally activated dissociation process were analyzed. .

Normal Mass Scans - Quadrupoles 1 and 2 were operated in RF only

mode, passing all ions, which were scanned (analyzed) in quadrupole 3 to .
give a normal mass spectrum. This data was used to do peak ratioing for
quantitization of the trace sulfur gas species.

Samples and Standards - All Fisher assay gas samples were produced

at LLNL on location where grab samples were then collected and taken to
the University of Florida for comparative sensitivity and analytical
specificity tests.

A1l pure standards were 99.9 percent from Aldrich, Milwaukee,
Wisconsin and all mixed gas standards were analyzed grade purchased from

Matheson Corp., Joliett, I1linois.

Experimental Work (Results)

Various analytical approaches have been tried in the past at LLNL
for sulfur gas analysis. These include GC, GC/MS, IR, FTIR, laser-Raman,
microwave rotational spectroscopy (MRS), pulsed fluorescence analyzers,
gas indicator tubes (Gastec and Drager), and various mass spectrometers
(quadrupole, magnetic sector, time-of-flight and triple quadrupole
MS/MS). Of all these methods, only mass spectrometers had the speed, and
reliability to do routine on-line analysis. However, for trace

quantities of unknowns in a complex mix, spectral overlap and background
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interferences cause a lack of sensitivity, selectivity and specificity in
normal mass spectrometric techniques. Table 2 shows that only the TQMS
exhibited the necessary specificity to do on-line quantitation of trace
sulfur species at the low ppm level in complex pyrolysis gas mixes.
Additionally, the TQMS does not require extensive sample pre-separations
because it is basically a mass spectrometer which can analyze jons that
have been previously mass selected by a normal quadrupole mass
spectrometer. In essence, it produces a mass spectrum of a mass
spectrum. It is extremely sensitive because background or "chemical
noise" is reduced and it is extremely selective because the detected
material must have both the correct parent mass and the correct
fragmentﬁtion pattern. There are five operational modes as shown in
Figure 1. In this paper we will be discussing modes 1, a normal mass
spectrum, and 2, the daughter ions produced from collisionally activated
fragmentation (CAD) of specific parent jons.

The additional criteria for an on-1ine monitor (besides sensitivity,
selectivity and specificity) are: 1) That the sampling inlet must not
degrade or fractionate the gases; 2) It must be simple, i.e., no sample
handling or pre-separations required; and 3) It must have speed. Speed
includes both data acquisition and data manipulation and interpretation
to give analytical results that are available on-line.

’ The gas inlet system developed at LLNL (Figure 2), which meets the
sampling requirements and can be interfaced to any mass spectrometer, has
been described previously (21-23). Basically, this system reduces the
fractionation of gases by use of a capillary followed by a low pressure
splitter and a pinhole leak. Since rapid equilibration of the system and
low chemical activity are important, all lines exposed to gases are made

of glass or stainless steel and are heated; the sampling system is

-7-



attached to a large volume, moderately high pressure part of the process
gas flow system; and, the flow of gas is maintained at 5~10 cc per minute
through the capillary. Additionally, the gas is pre-treated before
entering the capillary system to remove particulates and liquids but
still not alter the gas composition.The system is very tight to preclude
any air leaks since mercaptans are readily oxidized to disulfides in the

presence of oxygen.

To insure accurate analysis of trace sulfur compounds in the
presence of all other o0il shale pyrolysate gases, we purchased mixed gas
standards with trace sulfur species from 6 ppm to 233 ppm. Compounds
with interférring ions (benzene and cyclohexane) were added at levels of
200 ppm and 2000 ppm respectively to determine the selectivity,
specificity and sensitivity of the TQMS.

The operational conditions that were used to obtain the detection
limits of the TQMS using these standards and samples are described below.

Figure 3 shows a normal mass spectra from the TQMS (operating mode
1) acquired by analyzing one of the mixed gas standards containing 20
ppm of various trace sulfur compounds (thiophene, methyl mercaptan, ethyl
mercaptan, dimethyl disulfide, COS, and carbon disulfide). It also
contained ~2000 ppm of cyclohexane with the balance being nitrogen. To
determine the thiophene (molecular weight 84) from the cyclohexane
(molecular weight 84) in the presence of all the other compounds would be
impossible in normal mass spectrometry because there is a peak at every
mass. By operating the TQMS in daughter mode (mode 2), quadrupole 1 is
set on mass 84, argon is let into the CAD region of quadrupole 2, and the
daughter fragments from the collisionally activated decomposition of mass
84 of pure thiophene and pure cyclohexane are produced. As shown in

Figure 4, there is a distinct difference in the two resulting daughter
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spectra. The thiophene parent at 84 amu produces an ion at mass 58 and
at mass 45 which are not common to the ions produced by fragmentation of
the cyclohexane mass 84 parent peak. ﬁy analyzing the mixed gas
standard in the same fashion, we are able to determine that thiophene is
present from observing the peaks at 58 and 45 amu. The digital data
enables us to calculate the instrument detection 1imits from this known
mixed gas standard (Table 3). The data also show the agreement in
sensitivity in the interlaboratory instrument comparison of the LLNL TQMS
and the University of Florida Finnigan TQMS (Figure 4). (Slight
differences in spectra are due to the fact that no attempt was made to
standardize the instruments to each other. We operated each instrument
in our respective normal operating fashion to analyze the same pure
standard compounds. Calculated ratios show excellent agreement between
the instruments for the standards.)

A second experiment was performed to quantitate the percentage of
loss due to "grab sample" techniques using known gas standards as
samples. These results were compared to on-line analysis of the same
known gas standards. The primary mixed gas standards were analyzed by
TQMS and the “grab-samples" were taken (in containers) from these large
standard bottles. These "grab samples” were then analyzed after 1 hour,
8 hours, 24 hours, 1 week and 2 months. The original primary mixed gas
standard bottles were analyzed at each time interval also. The results
of these tests are shown in Table 4. It can be seen that trace sulfur
gases decrease in concentration with time. For some, such as propyl
mercaptan, the decrease after only one hour is significant.

The third experiment involved determining the detection limits of
the TQMS for analysis of trace sulfur-gas species in the complex organic

gas mixture represented by real Fisher assay oil shale pyrolysis gas

samples.
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Two samples were chosen. One (MFS-32), was a 32 gallon per ton
Western shale from Rio Blanco Tract C-a, sampled within a metre of the
richest part of the Mahogany Zone (depth of 432 ft.). The other,
(MFS-34), was a 12 gallon per ton Eastern shale from the Cleveland member
of Ohio shale in Northeast Kentucky. Pure standards for thiophene, '
2-methyl thiophene, 3-methyl thiophene, isopropyl mercaptan and n-propyl
mercaptan were analyzed. The two Fisher assay gas samples were analyzed,
then spiked with known amounts of the pure standards and re-analyzed.

The instrument sensitivity, specific daughter ion selective sensitivity
for pure standards and the specific daughter ion selective sensitivity in
a complex mix with sample interferences were calculated. Peak ratios,
extrapolations from pure standards, spiked samples and the use of
n-butane as an internal standard were used in the calculations. From
these analysis and calculations, the TQMS can quantitatively, as well as
gualitatively, detect these components in a complex shale gas mix at the
same levels as the mixed gas standards. The normal mass spectrum of the
Kentucky shale Fisher assay gas (MFS-34) showing the spectral overlap and
complexity is shown in Figure 5. Figure 6 shows the daughter spectra
from mass 84 to determine thiophene in the same Kentucky sample. It is
readily apparent that both cyclohexane and thiophene are present. The
analytical results for the two samples are shown in Table 5. From the
data we showed in Table 4 of the analytical experiments done on standard
gas "grab samples”, we believe that the Fischer Assay Gas sample analyses
are low by a factor of 2 to 6. This is to be expected since the Fischer
Assay samples were over 2 months old by the time analysis were completed
at both LLNL and the University of Florida.

Since on-line analysis gives greater analytical accuracy, the speed

of the data acquisition and interpretation then become very important
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because we are dealing with a dynamic process in oil shale retorting
procedures.

On the LLNL designed triplg quadrupole mass spectrometer all
functions of instrument operation are under total computer control and
data is acquired by peak jumping. Therefore, the slowest part of the
data acquisition time is waiting for the electrometer settling time
between peaks. We use a direct memory access (DMA) on the analog to
digital converter (10 microseconds/conversion) for date acquisition.
This makes it possible to scan 10 parents and all of the daughters from
20-100 amu for each parent while taking 1000 readings for each amu in a
total of 8.64 seconds. For kinetics studies, we can speed the process
further by looking at only selected daughters of a given parent. In
general, 1 to 3 selected daughters from a given parent can give a
definitive specificity for a particular compound. However, if we are
conservative and look at five daughters for each parent, we can still
take 1000 readings on each daughter for each of 10 parents in a total of
540 milliseconds. Actual timing tests were done by pyrolyzing solid
samples of high explosives and other compounds on-line (24).

The most time consuming and operator intensive step of the entire
data acquisition process is extraction of data from the files. This
requires 20 seconds for operator information input; 1 second for computer
extraction; 5 seconds for terminal plotting; and, 12 seconds to copy the
plot. Therefore each graph or plot requires 40 seconds.

We did not do any on-line timing tests on the University of Florida
TQMS system. However, the observed speed of analysis of the University
of Florida commercial system was certainly adequate for on-line

analytical processes.
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Conclusions

Analytical results on two research grade triple quadrupole mass
spectrometer systems substantiate the key issues for on-line analysis of
trace sulfur species in complex oil shale pyrolysis gases. Both the
commercial Finnigan system and the LLNL designed system had: 1)
sensitivity---key compounds can be quantitatively detected at <10 ppm;
2) selectivity---specific ions can be monitored; 3) specificity--~sulfur
containing compounds are easily differentiated from hydrocarbons in MS/MS
mode; 4) simplicity---no pre-separation is required; and 5) speed---data
acqufsition and interpretation times are well within on-line requirements.
The sampling issue has been resolved on other systems at LLNL. The inlet
system design for on-line analysis is crucial for quantitative gas
analysis, but even more importantly, as illustrated from the analysis
done on the "grab samples" from our mixed gas standards, considerable
loss of trace sulfur species occurs in a very short period of time.
Therefore, for unknown, complex pyrolysis gas mixtures, quantitation of
“grab-samples" is difficult, (if not impossible) and at best, is unreliable.

Finally, existing commercial TQMS instruments are very expensive
because they are designed as research tools with multiple operating
modes, a variety of ionization methods and usually include a gas
chromatograph for GC/MS/MS. For the typical on-line analyses, the speed
and separatory power of a TQMS preclude the need for a GC; and, normal
electron ionization followed by daughter mode analysis is usually
sufficient. Based on experience at LLNL in building a totally
computerized research grade instrument, we feel that an on-line
instrument could be constructed for ~$100,000. This reduced cost is
due to: 1) a simpler source; 2) smaller vacuum pumps; 3) simple
detector; 4) flow type inlet system (instead of a GC); 5) simpler

electronic controls and; 6) dedicated computer programs.
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Table 1. Production and Removal of Sulfur Species in Process Gas.
Gas type Quantity Ease of Removal
st ~ 99% easy
Cos ~ 1% difficult
Mercaptans ~ 0.1% unknown
Thiophenes ? unknown
Disulfides ? difficult
S0, 50-500 ppm easy




Table 2. Summary Trace Sulfur Detection Limits on Four Mass Spectrometers for

Mixed Gas Standards-(ppm)

(ppm) Methy! Methy1
Sensitivity  H,S cos Mercaptan Thiophene Thiophene

Magnetic Pyrolysis Gas *100 100 100 100 100
Sector Mixed Gas Std. *20 10 20 10 10
Time-of Pyrolysis Gas *250 100 200 100 50
Flight Mixed Gas Std. *25 15 40 20 10
Normal Pyrolysis Gas 25 ‘25 25 50 50
Quadrupole Mixed Gas Std. 10 10 10 10 10
Triple Pyrolysis Gas

and 2 1 <] <] <1

Quadrupole Mixed Gas Std.

*Depends on number of times sample is run to passify inlet
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Table 3. Sulfur Gas Detection Limits on TQMS-(ppm).

methyl mercaptan
ethyl mercaptan
n-propyl mercaptan
isopropyl mercaptan
carbonyl sulfide

= <1 ppm
= 3 ppm
= <1 ppm
= 4 ppm
1 ppm

carbon disulfide = 4 ppm
dimethyl sulfide = 10 ppm

dimethyl disulfide = <1 ppm

thiophene = <] ppm
2 or 3-methyl thiophene = <1 ppm
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Table 4. Effect of Bottle Type and Time on Grab Samples from Trace

Sulfur Gas Mixes.

Mix SX - 12995
Main Tank Aluminum Bottle
lhr-2m0 1 hr 8 hr 24 hrs 2 Mo
methyl mercaptan 17 17 17 15 13
ethyl mercaptan 19 19 17 17 8
carbonyl sulfide 20 20 17 15 7
carbon disulfide 15 15 n n n
dimethyl disulfide 6 6 5 4 3
thiophene 6 6 4 4 3
Mix SX - 12995
Main Tank Stainless Steel Bottle
lhr-2m0 1 bhr 8 hr 24 hrs 2 Mo
methyl mercaptan 17 17 15 13 3
ethyl mercaptan 19 19 7 16 10
carbonyl sulfide 20 20 17 16 9
carbon disulfide 15 14 10 10 10
dimethyl disulfide 6 5 5 5 4
thiophene 6 5 4 4 4
Mix SX - 13070
Main Tank Aluminum Bottie
lhr-6d 1 hr 8 hr 24 hrs © 6 days
n-propyl mercaptan 18 13 1 13 3
dimethyl disulfide 22 19 16 18 9
2-methyl thiophene 15 10 8 7 2



Table 5. TQMS Analysis of Trace Sulfur Gas Species in Fischer Assay Gas Samples

0 Sample MFS-32 is a 32 gal/ton Western Shale from Rio Blanco Tract

C~-a shale, 432 feet deep.

0 Sample MFS-34 is a 12 gal/ton Eastern shale from Cleveland member of
Ohio Shale from N. E. Kentucky.

Western shale - Eastern shale
MFS-32 MFS-34
(ppm) (ppm)
Cyclohexane 1200 ' 1900
Thiophene 3 63
N-propy]l mercaptan 3 22
3 25

isopropyl mercaptan
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TQMS Operational Modes.

On-Line, Flow-Through Gas Inlet System.

Normal Mass Spectra of 20 ppm Sulfur Gases + 2000ppm
Cyclohexane Standard Mix.

Daughter Spectra of Interferring Ions at Mass 84 from LLNL and
University of Florida TQMS Systems.

Normal Mass Spectra of Fischer Assay Gas Sample (MFS-34).

Daughter Mass Spectra from Parent Ion 84 of Fischer Assay Gas

Sample (MFS-34).
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Operation
Mode Quad 1 Quad 2 Quad 3 Results
1 Separated by | All masses All masses 1 Normal mass spectrum
mass passed passed
No gas
2 Fixed on All masses Separated by Spectrum of all daughter ions
specific mass | passed mass from the selected parent ion
Collision gas
3 Separated by | All masses Fixed on Spectrum of parent ions that
mass " | passed specific mass fragment to give specific
Collision gas daughter ion
4 Separated by | All masses Separated by Fixed mass difference between
mass passed mass 2 scanning quads gives specific
Collision gas neutral mass loss
5 Fixed on All masses Fixed on Single or multiple reaction
specific mass | passed specific mass - | monitoring

Collision gas
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